Half-metallic Heusler alloys are attracting considerable attention because of their unique half-metallic band structures which exhibit high spin polarization and yield huge magnetoresistance ratios. Besides serving as ferromagnetic electrodes, Heusler alloys also have the potential to host spin-charge conversion which has been recently demonstrated in other ferromagnetic metals. Here, we report on the spin-charge conversion effect in the prototypical Heusler alloy NiMnSb. Spin currents were injected from Y3Fe5O12 into NiMnSb films by spin pumping, and then the spin currents were converted to charge currents via spin-orbit interactions. Interestingly, an unusual charge signal was observed with a sign change at low temperature, which can be manipulated by film thickness and ordering structure. It is found that the spin-charge conversion has two contributions. First, the interfacial contribution causes a negative voltage signal, which is almost constant versus temperature.
INTRODUCTION
The spin-charge conversion in well-designed materials and/or new states of matter is essential for the development of future energy-efficient spintronic devices (1) (2) (3) (4) (5) (6) (7) . Recently, spin currents generated from ferromagnets (FMs), such as CoFeB (8, 9) , NiFe (9-11), and FePt (12) , is attracting great attention not only due to the remarkable spin signals but also due to their controllability owing to interactions between spin and magnetization. Among FMs, half-metallic ferromagnets (HMFs) are a unique class of FMs with respect to their electronic band structure: one spin channel exhibits a band gap at the Fermi level, and the other one is conductive (13, 14) . This unique band structure yields a high spin polarization (ideally 100%), resulting in very high performances of HMF-based spintronic devices, such as a huge tunneling magnetoresistance (TMR) ratio of more than 2000% (15) . However, the spin-charge conversion, a basic spin-related effect, was considered to be forbidden because of only one spin channel is available in the ground state of HMFs. Ohnuma et al. theoretically predicted that spin-charge conversion can occur with the assistance of magnons at a finite temperature (16) , which opens a new possibility for spin-charge conversion in HMFs. Furthermore, the degradation of perfect half-metallicity in the interface/surface region (17) (18) (19) (20) (21) (22) is another possibility of spin-charge conversion in these materials.
Here, we study the spin-charge conversion in a NiMnSb Heusler alloy which was first reported to be a HMF by first-principles calculations (13) . Figure 1A shows a schematic illustration of its crystal structure in the C1b phase. Recently, Wen et al. succeeded in measuring a current-perpendicular-to-plane (CPP) giant magnetoresistance (GMR) with high-quality NiMnSb films (23, 24) . Ciccarelli et al. reported on spin-orbit torques in NiMnSb at room temperature (25) .
As shown in Fig. 1B , NiMnSb possesses a typical half-metallic band structure where the minority spin band shows a gap at the Fermi level for the bulk state. However, the minority gap closes owing to electron-magnon interactions and interface/surface states ( Fig. 1B) (17) . Thus, the spin-charge conversion is expected due to the bulk and interface contributions, as shown in Fig. 1C . . and represent the spin currents due to interface/surface and bulk, respectively. indicates the converted total charge current.
In this work, NiMnSb films with varying thickness and ordering structure were deposited on Y3Fe5O12 (YIG) substrates, the quality of which was confirmed by structural analysis and anisotropic magnetoresistance (AMR). Spin currents were injected into NiMnSb from the insulating YIG layers by spin pumping. Then the spin currents were converted to charge currents by means of spin-orbit interactions and detected as voltage signals. Interestingly, an unusual temperature dependence of the voltage was observed with a sign change at low temperature, which can be controlled by the thickness and ordering structure of the NiMnSb films. The origin of the unusual voltage signals can be well interpreted by the spin-charge conversion due to interface and bulk contributions. Figure 2A shows the structural properties of NiMnSb films characterized by out-of-plane X-ray diffraction (XRD). Two kinds of samples with different ordering structure were prepared on YIG substrates. One was annealed at a high temperature of 500 °C, and the other, named as less-ordered sample, was grown at room temperature. In addition to the diffraction peaks from YIG substrate, XRD diffraction peaks from the NiMnSb (111) and (002) superlattices were observed for the NiMnSb film annealed at 500 °C. Whereas, only a weak (111) peak is shown in the XRD pattern for the sample deposited at room temperature, which indicates the as-grown sample has a low structural order. Furthermore, the magnitude of half metallic feature was investigated by AMR measurement because the AMR effect with a negative sign was reported to be necessary for examining the electronic band structures of HMFs (26, 27) . Figure 2B and 2C show the AMR effect for the two kinds of samples measured at 10 K and 300 K, respectively. The dependence of AMR ratio on the in-plane angle ϕ, where ϕ = 0 (90) represents that magnetization is normal (parallel) to the measuring current, shows a negative sign (0 > 90) for the NiMnSb film. The AMR effect at 10 K is much larger than that measured at 300 K, which indicates the reduction of the spin polarization at the high temperature due to thermal excitation. For the less-ordered sample, the AMR effect is smaller than that in the high-ordered sample which is consistent with the degradation in half metallicity. in the temperature region of below 100 K.
RESULTS

DISCUSSION
In the following, we theoretically discuss and analyze the observed voltage due to spin-charge conversion, as well as its temperature dependence. Technical details are presented in the Supplemental Material. Firstly, by considering the low temperature regime, the experimental data show a nonvanishing voltage V0 when approaching zero temperature. At T = 0 K, it is however impossible to inject a pure spin current − a net spin current in the absence of any charge current − into a perfect HMF: pumping such a current requires establishing an equal-in-magnitude and opposite-in-sign chemical potential imbalance for two different spin species, while a perfect HMF has only one available. Since the pumping source is YIG, a ferrimagnetic insulator (no carriers available for spurious charge injection), this signal must be related to a spin-orbit active interface region, expected to be about 1−2 nm, where the perfect half-metallicity is known to be degraded (17) (18) (19) (20) (21) (22) . Very likely, the interface exhibits a Rashba-like spin-orbit coupling due to structural inversion asymmetry (31) . The voltage at T = 0 K is then attributed to the spin galvanic (or inverse Edelstein)
effect (32) (33) (34) , and in the intrinsically dominated case given by
where e = |e| is the elementary charge, L is the sample length, and j s is the (three-dimensional) spin current generated by YIG. Furthermore, α is the Rashba coefficient, m the effective electron mass, and n the (two-dimensional) particle density of the interface region, respectively.
Secondly, at finite temperatures T > 0 K, even perfectly half-metallic bulk NiMnSb is capable of absorbing a pure spin current. This is because electron-magnon (spin flip) scattering yields a finite Density of States (DOS) for the minority band of NiMnSb (16, (35) (36) (37) (38) (39) (40) ,
where ↑ , ↓ are, respectively, the majority (↑) and minority (↓) DOS, while T* ~ 10 3 K is a characteristic temperature corresponding to the magnon energy at the boundary of the Stoner 
Here d, θsH, and ρ are the thickness, spin Hall angle, and (3D) resistivity of the sample, respectively.
Thus, the total voltage due to spin-charge conversion is the sum of the interface and bulk magnon-induced contributions
The interfacial spin-charge conversion is taken to be T-independent (V0 = const) as a consequence of For V0 < 0 (see inset of Fig. 4D ), the crossing temperature thus increases with increasing thickness as sketched in Fig. 5 . 
The spin diffusion length depends on the diffusion constants of majority and minority spin electrons, ↑ and ↓ , respectively, and on the spin-flip relaxation time s . Assuming ↑ ≫ ↓ , and that ↓ and s are proportional to 1/ ↓ , the spin diffusion length is estimated as
From Eq. (4), note that the product eff in Eq. (5) is independent of temperature.
The spin Hall angle can be separated into majority and minority band contributions, sH ↑ and sH ↓ , respectively, and the same is done for the corresponding spin Hall conductivities, sH ↑ and sH ↓ .
According to Ref. 16 , sH ↓ is negligible compared to sH ↑ , so that sH ≈ sH ↑ . The T-dependence of the spin Hall angle of a metallic system was discussed by Karnad et al. (42) , where intrinsic spin-orbit coupling and skew scattering dominate. We follow this treatment, introducing, however, in addition to skew scattering, a phenomenological contribution which is lifetime and thus temperature independent. Its microscopic origin could be extrinsic, e.g., due to side-jump (43), or intrinsic, e.g.,
arising from Fermi sea contributions of the kind relevant for the anomalous Hall effect (44, 45) . This phenomenological contribution to the corresponding spin Hall conductivity is denoted by sH * , while the skew scattering contribution at temperature T is denoted, as usual, by sH ss, . Finally, the resistivity ρ(T) of our samples is known and appears in Fig. 6A . The overall voltage is thus described
which serves as a fitting equation with the parameters A, B, and C to the experimental data, The parameter B allows us to extract the ratio between the scattering-independent and the skew scattering contributions at zero temperature, see Table I . From C, we obtain the spin-diffusion lengths for each layer thickness. As shown in Table I , at room temperature has reasonable values in the range of nanometers. Equation (9) In conclusion, the spin-charge conversion in NiMnSb alloy films was investigated through the injection of spin current from YIG by spin pumping. It was observed that the voltage due to spin-charge conversion showed an unusual temperature dependence and a sign change at low temperature depending on film thickness and ordering structure. The temperature dependent behavior of the voltage in the NiMnSb films was further analyzed by the spin-charge conversion contributed by interface and bulk effects. This study may contribute a way for efficient spin-charge conversion in
FMs for spintronic devices.
MATERIALS AND METHODS
The NiMnSb alloy films were deposited on YIG substrates by a co-sputtering method from Ni and MnSb targets in an ultrahigh vacuum magnetron sputtering system with a base pressure of ~ 1 × 10 -7
Pa. 1.5-nm-thick AlOx was subsequently deposited on the NiMnSb films for protection. The stoichiometric composition of the NiMnSb films was confirmed to be Ni1.01Mn0.98Sb1.01 by inductively coupled plasma (ICP) analysis. The samples with high ordering structure were deposited at a substrate temperature of 500 °C while the sample with low order was grown at room temperature.
The structural properties of NiMnSb films were characterized by x-ray diffraction (XRD) with Cu Kα radiation (λ = 0.15418 nm). AMR effect was measured at 10 and 300 K by a physical properties measurement system (PPMS). The YIG-substrate//NiMnSb device was placed on a coplanar waveguide where the microwave was applied. Two terminal electrodes were attached on the device for measuring the voltage. The magnetic field was applied in the plane of the films and perpendicular to the direction across the two electrodes. The power of microwave was varied from 25 to 200 mW and the frequency was changed from 5 to 7 GHz. The voltage signal was detected by using lock-in techniques and the voltage measurement was performed in PPMS at low and room temperatures.
SUPPLEMENTAL MATERIAL
Experimental results on the FMR spectrum of NiMnSb and the voltage signals due to the NiMnSb resonance: 
where e = |e| is the elementary charge and τ2D is the momentum relaxation time within the interface region. Note that j s has the dimensionality of a three-dimensional particle current since it refers to the spin current, generated by the YIG, which flows perpendicular to the interface, whereas 2 is a two-dimensional charge current which flows in-plane in the interface region. In an open-circuit situation we have 2 = σ2DLV0, where L is the length of the sample in current direction, and σ2D = e 2 nτ2D/m is the Drude conductivity of the interface with effective electron mass m and particle density n. The corresponding voltage is therefore given by
Extrinsic spin-orbit coupling can be included (33) , leading to additional and possibly temperature dependent contributions to V0. As stated in the main text, the latter appear negligible in our context and will not be considered.
B. Inverse spin Hall voltage of the HMF
We derive Eq. (5) in the main manuscript, i.e., the inverse spin Hall voltage of the half-metallic ferromagnet (HMF) due to a spin current eff s which is pumped into the (bulk) NiMnSb layer. We rely on the standard drift-diffusion approach, specialized to our system. The geometry is assumed as follows: the YIG/NiMnSb interface lies in the xy plane at z = 0 with the NiMnSb layer stretching from z = 0 to z = d in height, and from x = 0 to x = L in length. In order to describe the spin transport in the HMF, we start from the 'continuity' equation,
for the nonequilibrium spin density = ↑ − ↓ with the spin current in z direction = ↑ − ↓ , and the spin-flip relaxation rate 1/τs. Here, ↑ ( ↓ ) is the majority-spin (minority-spin) particle density (per volume) induced by the spin pumping. The majority-and minority-spin particle currents ↑ and ↓ are given as diffusive currents,
where ↑,↓ is the diffusion constant per spin channel. Inserting Eq. (S5) into Eq. (S4) we easily find the general solution for ↑,↓ and thus also for ↑,↓ , using again Eq. (S5). For the spin current, we take the boundary conditions as
where the first one corresponds to the spin pumping scenario and the second one to spin conserving scattering at the surface. In addition, no charge flows along z, i.e., we have open-circuit conditions = − ( ↑ + ↑ ) = 0. This yields the mean injected particle current per spin channel
where = √2 ↑ ↓ /( ↑ + ↓ ) is the diffusion length in terms of the diffusion constants and the spin-flip relaxation time.
Due to the inverse spin Hall effect, the injected spin current induces a particle current (48),
where ↑,↓ are the majority and minority longitudinal (particle) conductivities, and sH ↑,↓ is the spin Hall angle per spin channel. In an open-circuit situation, i.e., = − ( ↑ + ↓ ) = 0, the electric field is given by 
where sH = sH ↑ + sH ↓ is the total spin Hall angle.
C. Temperature dependence of the spin Hall angle
Next, we discuss the temperature dependence of the spin Hall angle due to side-jump and skew 
The experiments are performed in the temperature range 0 < T ≤ 300 K in highly-disordered samples. Thus, we are away from the "ultra-clean" regime of Ref. 41 and well below the Fermi temperature, and we will neglect 2 ( ) ≪ ( ). Indeed, at the moment one can only speculate about the increasing importance of phonons, and in particular of phonon skew scattering, with increasing temperature. On the one hand, the importance is suggested by the low Debye temperature of NiMnSb, especially of its surface modes affecting the interfacial spin galvanic conversion (50) .
On the other hand, the magnon-limited bulk signal appears dominant in all samples considered in our study. Notice also that ( ) ≪ 1 for the experimental data (Fig. 6A in the main As discussed in the main text in connection with Eq. (9), there may be additional intrinsic contributions which we take into account in the following by replacing sH sj by sH * . Note that sH * is T independent.
D. Fit to the experimental data
In order to connect the total voltage,
with the fit equation (9) 
where is * is the spin diffusion length at T = T * . We insert Eq. (S14) into Eq. (S10), and with the estimations (S16) and (S18), the total voltage, Eq. (S17), becomes ).
(S19)
As shown in Fig. 6A in the main text, the resistivity is linear in the temperature already well below
